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INTRODUCTION

This report will be limited to a brief summary of the results of the project, since most of the
work is detailed in published papers or in papers submitted for publication. These papers are listed
in the reference list at the end of this report (and copies are attached in some cases).

However, before reviewing specific accomplishments, I think it is worthwhile to summarize
some of the background and general goals of the project. The primary goal of this project has been
to advance the theory of wave-driven star formation in galaxies, which is believed to be a very
important process in their evolution. Because galaxies are inherently complex systems with many

degrees of freedom (e.g. > 1011 stars), this problem has many difficult aspects. Even though the
basic theory of small-amplitude spiral density waves was developed more than two decades ago,
and there has been much progress since then, but many questions remain unanswered.

Interacting galaxies have attracted a good deal of attention in the years since Toomre and
Toomre's (1972) seminal paper, because both observations and numerical modeling suggest that
strong waves can forced within galaxies as a result of such encounters. Thus, interacting galaxies

offer a fairly unique opportunity to compare theory and models of nonlinear waves in galaxies to
observations. Moreover, if interactions were indeed more common in the past, then waves driven

by interactions may be, by themselves, an important force in galaxy evolution.
There have been many developments in this field since the proposal for this project was written

in the spring of 1986. It was at about this time that the IRAS results and first statistical analyses
were becoming widely disseminated. These results had a profound impact, especially in
satisfying most astronomers' that mergers and interactions do induce strong bursts of star
formation in galaxy nuclei. Unfortunately, IRAS did not have the resolution to address the
question of more extended star formation in galaxy disks, except in the most nearby galaxies.
Moreover, most of the nuclear starbursts are hidden by thick layers of absorbing dust, which

precludes observations of them in many other wavebands, and allows confusion between
starbursts and active (quasar-like) nuclei.

Without high-resolution, far-infrared observations, progress in understanding the weaker,
extended, wave-driven star formation has been slower. However, because the obscuration is

lower in galactic nuclei, near-infrared and optical CCD array data are also crucial to constraining
models and theories. Such observations were pioneered at NASA's IRTF, and new generations

of CCD arrays have pushed the resolutions and sensitivities of instruments a long way in the last
few years. With these new ground-based capabilities, with more space ultraviolet capabilities
(e.g. from the Hubble telescope), and ultimately with the high-resolution infrared capabilites of
SIRTF, we can expect a wealth of new data to drive theoretical work in this field in the coming
decade. Hopefully there will be a good deal of progress in understanding the different dynamics of

the collisionless (stellar) and collisionless (gaseous) components in nonlinear waves in galaxies,
though the difficulties in interpreting observations on the basis of inevitably idealized models must
be remembered.

On the other hand, until our understanding of the physics of star formation improves, we can
expect that this deficiency will slow our progress in understanding large-scale, wave-driven star
formation. It is becoming recognized that it may be more productive to reverse the problem, and
use the phenomenology of star formation in waves as a constraint on the possible physical

processes.
In this project we have adopted the philosophy that it is best to study a few of the simpler cases

in detail, and later attempt to generalize these cases. The cylindrically symmetric collisional ring

galaxies are a paradigm. In the simplest cases, rings are essentially a one-dimensional
(cylindrical) wave, and so their dynamics should be even simpler than classical spiral waves.
They are generally well-separated from the galaxy nucleus, so they can be observed with modest

angular resolution. However, ring waves are not as simple as we thought at the outset of this
project. One of the chief results of our work during the last three years is that there can be much
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varietyamongthesymmetriccollisionalrings. Lessof asurpriseis thefact thatmorphological
varietyis greatlyincreasedwhenwealsoconsiderslightlyasymmetriccollisions. Nonetheless,
wehavealsomadesignificantprogressin thelastfewyearstowardsaphysicalclassificationof the
stellarwavesin disksfollowing asymmetriccollisions. Highlightsof theseresultswill be
summarizedin thefollowing section.

PROJECTACCOMPLISHMENTS

a) SymmetricRings: HydrodynamicsandStarFormation

Theprojectbeganwith thecompletionof a seriesof oneandtwo dimensionalhydrodynamics
simulationsof aring wavein interstellargasdisks.Thesecalculationsincludednonlinearsource
termsto modeltheeffectsof interstellarcloudinteractionsandstarformation, aswell asthe
spatial-temporalgasflow. Thedetailsandtheresultsof thesesimulationsaregivenin publications
1-3and5 in thelist below. Althoughthecloudinteractiontermsarequiteidealized, the
simulationsareveryrelevantto IRAS data(whichhadalreadyindicatedahighstarformationrate
in ring galaxies),near-infaredarray(e.g.IRTF) data,andultimatelySIRTFdata. Specifically,
themodelassumesthatvigorousstarformationis adensitythresholdphenomenon,andit predicts
thatif thegasdensityis pushedmuchabovethatthresholdstarformationwill proceedin astrong
burstmode. This starburstring pictureis in accordwithobservationsto date, but thesearequite
limitedcomparedto theinfraredarraydatathatwill becomeavailablein thenearfuture.

If ring galaxiesareadensitywaveparadigm,andmoredatais availablefor comparison, I
hopeandexpectthatothermodelsof cloudinteractionsandstarformationwill betestedin this
application. Pubs.1and2 mayserveasaprototypefor suchstudies.

Unfortunately, thenumericalmethodusedin thesesimulationscouldnotbereadilyadaptedto
modelthecomplexitiesof truethree-dimensionalcollisions,includinggasejectionfrom thetarget
disk, andmultiplecollisionsandmergersbetweenthecolliding galaxies,fin fact, thefirst two
processeswereexploredwith thecloudfluid codein thesymmetriccase.Someof thiswork is
discussedin pubs.9, 14.) Thus, in thefinal yearof theprojectwebegandevelopingasmoothed
particlehydrodynamics(SPH)algorithm, like thoseusedbyHemquist, Lattanzioandothers.By
theendof theprojectwewereworkingwith a two-dimensionalversionof thecodein afixed
gravitationalpotential.We expectthatthecodewill beavery usefultool in futurework.

b) SymmetricRings: StellarDynamics

In orderto beginto understandthestarformationhistoryin ringsor otherwavesphotometric
colorsor spectraareusedto determinetherelativenumbersanddistributionof old andyoung
stars.This is madedifficult by thefact thatpopulationsold redgiantshavenearlythesame
observedpropertiesasyoungredsupergiants.Moreover,early in theprojectwerealizedthatwe
did nothavea sufficientlyclearideaof thestellardynamicsin rings to beabletopredictthe
distributionof theold starsasa functionof collisionalandstructuralparameters.Thebasic
epicyclicoscillationkinematicswereclearfrom Toomre'swork in theseventies.To furtherour
understandingin thisareaweproceededin two directions- numericalandanalytical.Thelatter
developedinto asuccessfulmarriageof Toomre'skinematicalmodelwithArnold, Shandarinand
Zeldovich's"pancake"theoryof causticsin galaxyformation.Theresultingtheorycandescribe
almostall of thestructurein restrictedthree-bodysimulationsof single-passcollisions, evenwith
multi-component(bulge-disk-halo)potentials(pub.10).TheavailableN-bodysimulationsshow
very similar structure,thoughnodetailedstudieshaveyetbeendone.
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P.Lotanpushedaheadwith therestrictedthree-bodysimulationsto modelmultiple coUisonsand
captureof thecompaniongalaxyasaresultof theeffectsof dynamicalfriction. Evenin the
symmetriccasewherethecompanionmovesalmostentirelyalongtherotationaxisof thetarget
disk therearequalitativedifferencesfromsingle-passcollisions. As describedin pub. 14, two
setsof ringsaregeneratedin multiplecollisions. Thefirst setis like thoseproducedin a single
collisionwith adisturbanceamplitudeequalto thecombinedamplitudeof themultiple encounters.
Thesecondsetconsistsof thin, virtually stationaryringsthathavenoanaloguein single
collisions. Thesephenomenacanalsobeexplainedwith thesimplekinematicmodel. Thus,it
appearsatthispoint thatwehavequiteagoodunderstandingof thestellardynamicsof nonlinear,
symmetrictings. (Onenotableexceptionis thecaseof ring-makingcollisionsbetweencomparably
sizedgalaxies.In ouranalyticwork it is assumedthatthecompanionis lessmassivethanthe
targetdisk galaxy.)

c) SlightlyOff-centerCollisions

Becauseof thespecialsymmetryrequiredto producearing in acollision betweengalaxies
symmetricringsareexpectedto berelativelyrareobjects,andobservationsconf'm'nthis. To
increaseourobservationalsample,andgeneralizeourunderstandingof thedynamics, weare
naturallyleadto thestudyof slightlyoff-centercollisions. CoUisionalmorphologiesarevery
sensitiveto impactparameter,sothis is a largeareaof study.

Wallin andStruck-Marcell(pub.6) studiedoneparticulartopic in this area- thecaseof
collisionswith impactparametergreaterthanzero,butstill lessthanthescale-lengthof a
substantialbulgecomponent.Restrictedthree-bodysimulationsshowedthattheasymmetricrings
in thiscaseappearmorefragmentary,resemblingthosein theso-calledshellgalaxies.The
simulationmorphologiesalsoresemblethe"tipples"in galaxiesstudiedby Schweizer,who
suggeststhatin somecasesthesearetheresultof accretionof materialin tidal encounters.Our
modelssuggestthatit is difficult in somecasesto distinguishbetweenthesetwo possiblecausesof
"ripples".

If theimpactparameteris comparableto thescale-lengthof disk-bulgepotential, thewavesthat
propagatethroughthediskaremuchmoreasymmetric.In manycasestheyno longerresemble
symmetricrings, andindeedhavea verydifferentphase-spacetopology. Nonetheless,a good
dealof insightinto thestructureof thesewavescanbegainedbyextendingthekinematicmodel
mentionedaboveto thiscase.Semi-analyticcalculationsof thekinematicmodelledto the
recognitionthattheasymmetricwavesareall examplesof theelementarycatastrophes(caustics)of
catastropheor singularitytheory. Thisrecognitionnotonly providesimportanttheoreticalinsights
into theevolutionof thesewaves,butalsoyieldssomespecificobservationaUyverifiable
predictions.Theresultsaredescribedin pubs.7,12andhavebeenpresentedat severalmeetings
recently. I believethatthiswill beanimportantareafor furtherstudy.

d) StarFormationin TidalTailsandOtherExtendedFeatures

In 1985-1987J.Schombert(Univ.Michigan)andWallin carriedout multi-coloropticaland
near-infraredobservationsof faint tidal featuresin abouttwodozeninteractinggalaxiesselected
from theArp atlas.Thoughsomewhatoutsidethescopeof this project, andnotdirectly supported
throughit, thiswork did providevery importantobservationalinput. Specifically, this sample
providedevidencefor ongoingstarformationin tidal structures,andevenenhancementsof star
formationin somecases.Theseconclusionsarebasedin parton calculationswith acolor
evolutionprogram, andsomenewtechniquesfor analysingtwo-colordiagrams,developedby
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Wallin and Stmck-MarceU for the analysis and interpretation of these observations (see pub. 8).
Several galaxies with tidal tails were included in this observational sample. As part of his thesis

work Wallin also carded out a series of high-particle-resolution, restricted three-body simulations
of the evolution of density enhancements in tidal tails. In the end these simulations drew together

our work in several different areas. The simulations showed that the most important "density
enhancement" is a caustic wave like those discussed in the previous section, which propagates
along the tail. In planar interactions the wave compression is high, and enhanced star formation is
expected. In nonplanar interactions the wave is three-dimensional, the compression is less, and

star formation may not be enhanced (see pub. 15). There was good agreement between the tail
morphologies in the observations and the simulations.

e) Radial Distribution of Gas in Late-type Galaxy Disks

In constructing numerical models of interacting galaxies one always faces questions or choices
in setting up the initial unperturbed galaxies. There are standard choices for the density profiles of
the stellar disk, bulge and dark matter halo, which are reasonably well-grounded in observation.

To date, the observational data have not clearly suggested a "standard" surface density profile for
the disk gas. The impression given by 21 cm observations is that there is a wide variety of such
distributions. This is clearly an important model input. A wealth of new data on the molecular
component of the gas have recently appeared in the literature. Struck-Marcell decided to undertake
the task of assembling the data for gas-rich, late-type galaxies, to see if a more coherent picture of
the gas distribution would emerge from more complete data. This project is somewhat of a
diversion from the original program of the grant. However, the possibility that these results
would lead to the elimination of an arbitrary function in the initialization of numerical models
strongly motivated the digression.

This hope appears to have been at least partially realized. It was found that in the flat rotation

curve region of late-type disks the hydrodynamic equations have a unique steady state surface
density profile (of 1/r form), in excellent agreement with the observations. Preliminary
simulations with the SPH code conf'n'rn the tendency of the gas to relax to this profde. Analytic
solutions of the equations with subsonic radial flows to balance gas consumption or expulsion
from a central galactic fountain were also derived. These results are detailed in pub. 13.

SUMMARY

In anticipation of the new observational developments discussed in the introduction, the bulk of
the work we originally proposed to carry out consisted of numerical, cloud fluid type models, in
one and two dimensions, of the gas dynamics and star formation in interacting ring galaxies. In

part because of the time delay between submission and funding, most this work in one dimension
and some in two dimensions was completed relatively early in the project (see above). Although
we continued to persue this work at a modest level of activity, there was a change of emphasis
near the middle of the 3-year term. There were several reasons for this change. The first was that
there were too few data available to test and constrain the several fairly arbitrary parametrizations
used in the cloud fluid model. (Lacking a general theory of star formation, pammetrized
phenomenological models are the only way to proceed at present.) The numerical calculations
made some def'mite predictions, as a function of these parametrizations, and it seemed best to wait
to test these against observation before trying to refine our model of star formation and its
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feedbacks to the interstellar gas.
Secondly, we also felt a need to significantly upgrade and generalize our computer codes. The

FCT hydrodynamics algorithm had significant limitations when applied to multi-dimensional
simulations of galaxy interactions. As described above, we have begun to work with an SPH

algorithm, which seems considerably more flexible. Equally important was the need to better
understand the stellar dynamics along with the hydrodynamics. Several other groups have begun
to carry out full N-body simulations of galaxy collisions, including ring-making cases. We opted

not to duplicate that work (though we hope to use the results), but rather to persue the more
heuristic analytical and restricted three-body calculations described in b) above to get at least a
qualitative understanding of the behavior of the stars in a wide variety of cases. The results of this
work are predictions of the relative distribution of old stars versus the gas and newly formed stars,
which can be checked against observation.

A final point, new and exciting research opportunities appeared in two areas during this project.
The first was the realization that it was possible to study nonlinear stellar density waves
analytically with the caustics formalism, at least in the kinematic approximation. The second was

the discovery that hydrodynamic forces might constrain the radial structure of the interstellar gas in
galaxy disks in ways not previously realized. Work in these areas occupied a substantial amount
of the PI's time by the end of the project term. Both these discoveries have opened large areas for
further research. The understanding gained in these areas will provide a better foundation for, and
probably simplify, a renewed attack on the hydrodynamics and star formation problems.
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